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" The Effect of Temperature on the Modulus of Elasticity 
and other Properties of Metals." 

By  Professor FREDERICK CHARLES LEA, O.B.E., D.Sc., M. Inst. C.E. 

THE physical  properties of metals a t  ordinary  temperatures have 
been  very  fully  investigated, and  the relationship of certain of the 
properties to  the life of material  under  various  conditions of stress 
has received  a good deal of consideration.  Most  metals,  when 
subject to stresses at ordinary  temperatures, obey Hooke's  law 
approximately, i f  not absolutely, within a certain  range of stress, 
and some  metals,  such as hot-worked  mild  steel or wrought  iron, do 
so up  to a stress at which a sudden  change in  the  rate of elongation 
takes place, which is called the yield stress. I n  other metals, as  for 
example,  cold-drawn steels, brasses, and  the  aluminium alloys, the 
departure from  a linear  stress-strain  diagram  takes place very 
gradually  and only an  arbitrary definition  can  be  given to  the 
" yield-point.'' 

The  object of this  Paper is to describe  experiments  made t o  
determine  the effect of temperature  on  the  ultimate  strength,  the 
elastic limit,  the yield-point, and  the modulus of elasticity of certain 
metals.  The  experiments  have  been  carried out  amidst pressure of 
other work and have  thus  extended over n number of years. The 
results  obtained so far show  how quickly some of the properties in 
question  change  when  certain  temperatures  are exceeded, and 
indicate the importance of knowing  these effects when  metals are  to 
be  subjected to  temperatures  higher  than  those of the atmosphere. 
The most important examples are  the pistons, cylinders, sparking- 
plugs, valves, valve-seats and  springs of internal-combustion  engines, 
the  rotors of turbines  using  highly  superheated  steam  or  hot gases, 
valves on superheated-steam pipe-lines, and  parts of fireboxes 
especially of locomotives and flash boilers. 
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The Apparatus Used.--The loading tests of specimens  have been 
carried  out  in :- 

(l) A  vertical electrically-driven testing-machine. 
(2) A  hydraulic  horizontal  testing-machine. 
(3) A special small  testing-machine  (Fig. 1, Plate 6). The 

loads  were  measured by direct  readings of the  spring 
balance. 

Heating-Furnaces.-The furnaces used for  heating  the specimens 
were electrically heated. In   the early  experiments  a  furnace  having 
a  porcelain tube wound with  a  flat  ribbon of platinum capable of 
carrying 20 amperes a t  110 volts was used. The  internal  diameter 
of the porcelain tube was only 25 inches, and  to avoid fracture  due 
to  any shock that might  occur  when  a  specimen  broke, it was found 
desirable to  insert  a  steel  tube.  This  had  the  advantage of making 
the  temperature  very  uniform over  a certain  length of the furnace, 
but it introduced difficulties as far as room  for the extensometers 
was concerned. It was decided,  therefore, to make  a  furnace  using 
a  steel  tube wound  with " nichrome " wire. For insulating  the  tube 
asbestos  cloth or strips of uralite were  found  satisfactory. 

The  Author could not find any information  on  such  furnaces,  and 
as  far as he is aware  they  had  not  been  used  before.  They  have 
proved so satisfactory  for  temperatures up to 650' C. that  the 
Author  has  no  hesitation  in recommending their  extended use, and 
a few  details  may be of interest.  The form of furnace finally adopted 
consisted of a  steel  tube, 2 feet long, 0.1 inch  thick,  and 4 inches 
in  external  diameter. Along this were  laid strips of uralite, 1 inch 
wide. On the  uralite  the nichrome  wire was wound,  asbestos string 
being  wound  between the coils of wire to prevent  the coils from 
touching each other when  hot  and the  furnace was in  any position. 
In   the  case of one  furnace it was found that sufficient wire could 
only be got on the  furnace by winding it first into coils on a &-inch 
diameter  rod,  which coils were wound on to  the  uralite  in  the 
ordinary way. All the furnaces  constructed  were  made non- 
inductive by doubling the wirtl and  winding i t  into parallel coils. 

I n  order to ensure  a  uniform  temperature over  a  long length of 
the furnace, the coils were  wound closer near  the  two  ends  than  in , 

the  centre of the furnace. 
Mmsurement of Temperatures.-To measure the  temperature of the 

specimen under  test,  one or  more  thermo-couples,  generally of iron- 
constantan, were attached  to  the specimen and were  insulated,  except 
at   the junction,  by  means of asbestos. The thermo-couples  were 
carefully and periodically  calibrated. In certain  experiments  direct- 
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reading  instruments were  used in connection  with the thermo- 
couples, but  in most of the  tests  the more  sakisfactory  potentiometer 
method of measuring  temperatures was adopted. 

After experience had been  gained it was quite possible to keep 
the  temperature sufficiently constant  during  a  test. To obtain  with 
accuracy stress-strain. curves in which  extensions of the order of 
zo,Lo inch  were  being  measured, it was desirable that  the tem- 
perature  throughout  the  test should not  vary  more than 1 or 2 
degrees. 

In   the case of a  steel  specimen the elongation  on  a  %inch  length 
a t  a  stress of 10 tons  per  square  inch would  be :- 

10 X 2 inches l inch = ~ ~~ - ~ ~- - ~ ~ 

13,000 650 106 
- - about. 

If, during  the loading to  a  stress of l 0  tons  per  square inch, the 
temperature of the specimen  changes 2" C., the change in  length 
due  to change of temperature will be :-- 

or the  error  in  determining E will  be 3 3 per  cent. 
Description of Extensometer.-Figs. 2, Plate 6, show  details of an 

extensometer  with  diamond-shaped  rockers  and  aluminium  pointers 
fox use in connection with specimens 0 * 564 inch  diameter.  The 
bars B and B, were  gripped  on the sides of the specimen by the 
springs  in  the  centre of the  furnace.  The  bars projected some 
distance  outside the furnace,  and the diamond  rockers D were each 
slightly  gripped  between  two bars. Between  one of the  bars  and 
the rod  connecting the specimen to  the shackle of the  testing- 
machine was  placed a circular  runner C. The  bars  were  slightly 
pressed together by  means of a clip and  rubber  pad.  This  arrange- 
ment was afterwards modified as in Figs. 3, Plate 6. I n  this 
extensometer,  a  piece B was  fixed to  the  end of each  bar,  having 
two V grooves in each piece, in which  could rest  a  steel ball B,. A 

. later modification was to replace the diamond  rocker  by  a  knife 
edge resting  in  a V, formed  by  two  chamfered plates, as shown 
in Figs. 3. I n  this case the  top bars  did not  require  any  spring 
to keep  them  together. Two spiral  springs S, were, however,  used 
to hold  up the two  bars  B  and B, underneath  the specimen. 

The  point Q, in  Fig. 2a, Plate 6, moved over a straight scale. 
The  displacements of the points on this scale are clearly proportional 
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to  the reIative  movement of the upper and lower pIate. I n  Figs. 3, 
Plate 6, the displacements are measured optically  by  means of 
two  mirrors M. and M,. From a scale Sc. (Fig. 2b, Plate 6) a 
ray of light is reflected from mirrors M and M, and  thus to the 
telescope T. 

The extensometer was calibrated (U) directly by micrometer, 
( b )  in series with a Ewing  &inch extensometer. 

When a steady  state of temperature is reached in  the  furnace, a 
steady  state of temperature is also set  up  in B and B,, and  unless 
the  temperature  gradients  in  these change, the  rotations of the 
diamond in  Figs. 2, or of the  rockers  in Figs. 3, Plate G ,  are 
proportional to the change in  length of the  test specimen. 

A special feature of the extensometer shown in Figs. 2, Plate 6, 
is  the upper end of the rocker. This  has approximately an involute 
form, and  the dimensions are so arranged  that  the scale dis- 
placement in Fig. 2 is  proportional to  the elongation of the 
specimen. This was found  very convenient. Before trying  this 
form of rocker other  arrangements  had been tried  with success ; 
these  are shown in Fig. &I,, Plate G.  The  credit of working out 
the details of the  involute rocker is due  to  the Author’s assistant, 
Mr. E. Coupland, M.Sc. 

Figs. 4, Plate 6, show the extensometer that was used in con- 
nection with  tests of wires and  other small specimens. In this 
case the elongation  along one side only of the specimen was 
measured, but it was not  thought  that  this introduced any  serious 
error, as very special care was taken  in  the  gripping of the 
specimens. 

The wire test extensometer was used on the vertical machine, and 
in connection with  the special machine (Fig. 1, Plate 6). The  end 
of bar B, rests  in  the V-shaped cup of the optical  lever, to which is 
fixed the  mirror M (Fig. 4, Plate 6). To the bar B was also fixed 
the  mirror M, ; readings of M scale as reflected from both M and M, 
could be taken simultaneously in  the telescope. The  mirror M, 
gave the  angular swing of the bar B, and corrections could be 
applied to  the readings given by the  mirror M, due  to  the swinging 
of the system in a vertical plane. 

High-temperature  tests on wires which had to be gripped i n  
special collets were found much more difficult than those  on screwed 
specimens. It is almost impossible to  get wires  perfectly  straight, 
especially after  heat  treatment ; this introduces  serious  troubles 
in  determining  the modulus of elasticity,  and wires frequently 
broke in  the collets, thus  giving an apparently low breaking- 
strength. 
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Tensile Tests on Mild Steel.-Mild-steel specimens were prepared 
from inch  diameter  bar, which had  the following compoai- 
tion :- 

Per Cent. 
Carbon. . . . . . . . . . . . . . . .  0.090 
Silicon. . . . . . . . . . . . . . . .  0*010 
Sulphur . . . . . . . . . . . . . . .  0.164 
Phosphorus . . . . . . . . . . . . . .  0.11 1 
Manganese. . . . . . . . . . . . . . .  0.573 

Figs. 5 .  

TEMPERATURE  DEGREES CENTIGRADE.  

Screwed specimens, 4 inch  diameter and 2& inches long in the 
parallel part, were prepared, No attempt was made in  this c@se to 
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obtain the modulus of elasticity.1 The  breaking-stress  and yield- 
stress curves are shown in Figs. 5 ;  the maximum  breaking-stress 
occurs a t  about 230" C. It is of very  considerable interest to note 
that  after passing the  temperature of about 830" C. the elongation 
per cent. diminishes, and  the yield-stress tends to increase, Figs. 5. 
This  corresponds to  the hardening of the  material which is 
associated with  the change  from the pearlitic to  the  austenitic 
condition.  The  time  during  which the  material is subject t o  a 
temperature  higher  than 830" C. is no doubt  important.  The curve 
of rise of temperature  for  the  furnace is shown in Fig. 6, from 

Fig. 6. 

which it will  be seen that specimens  heated to 900" C. were 
a t  temperatures above .830" C. for  20 to 30 minutes before the 
test was made. I n  addition,  no  test was carried out  until  the 
temperature of testing  had remained constant for a t  least 10 
minutes. Thus  material  tested above 830" C. had been subjected 
to  this  temperature for about 3 hour. 

The  Author  has shown  elsewhere that when  cold-drawn  material 
is subjected to  heat  treatment  and  tested cold, the  softest con- 

. . .  

L The modulus of elasticity of mild steel had previously been obtained by the 

). $ 1  Recent Researches on Tubular Steel  Struts," Admiralty, Air Department. 
Author. (See fi?'lcgi?%ecri?q, d .  xcviii, p. 487.) 
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dition of the  steel i s  obtained by annealing a t  temperatures between 
650" C. and 770" C., depending upon the composition of the steel. 
This seems to be well understood by  manufacturers of tubes. 
Steel  containing 0.5 per cent. carbon and  tested cold, had 
minimum  values  for  the  breaking  strength,  the  elastic  limit,  and 
the modulus of elasticity after  heat  treatment  at  temperatures 
between 720" C. and 770" C. The  breaking-strength,  tested cold, after 
heat  treatment at 850" C., is more than 20 per  cent.  higher  than 
after  heat  treatment at 720" C. There was a corresponding increase 
in  what  might be  called the  yield-point  and also the elastic  limit. 

Tensile  Tests on Nickel I'  and Nickel-Chvonae " Specimens.- 
Specimens of "nickel"  and (' nickel-chrome " of the following 
composition were  tested :- 

N i c k e l .  
Per Cent. 

Ni . . . . . . . . . . . .  95.53 
Impurities . . . . . . . . . .  4'47( in detail. 

not  determined 

Nickel-Chrome.  

c . . . . . . . . . . . . .  0.4 
M11 . . . . . . . . . . . .  2 . 9  
X i .  . . . . . . . . . . . .  59.8 
C r .  . . . . . . . . . . . .  12.1 
F e .  . . . . . . . . . . . .  23.7 

The specimens were turned down to -i?c-inch diameter for a length 
of la  inch,  with  the  ends screwed for connection to  the shackles. 
The  elongation per cent. was measured  on a length of 1 inch in 
every case, the  fracture  taking place within  the gauge-length. 

Figs. 7 give the  results of the  tests. 
,4n examination of the broken  test-pieces showed that  for nickel 

specimens tested at  400" C. and below there was a tendency to 
break  in  shear  and to  contract locally near  the  point of fracture. 
The  fracture had a smooth  silky appearance. At 500" C. the  fracture 
had a rough  light-brown  appearance. At  600" C. and 700" C. the 
fracture had a rough dark appearance. Specimens tested a t  150" C. 
were not discoloured. At 300" C., 400" C., and 500" C. they mere 
oxidized to various  shades of brown. At  600" C. and 700" C. the 
specimens were covered with a black scale, which could easily be 
removed in flakes. The  fractures of the nickel-chrome specimens 
all had :L fine silky  appearance. Above 160" C. the specimens were 
oxidized to various  shades of brown, but  no scale  was  observed on 
any o f  the pieces tested. These  observations are important RS 
indicating  the possibility of nickel terminals  for sparking-plugs 
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being badly oxidized if the temperature exceeds a certain degree, 
and  showing that less trouble will probably  be  experienced  by using 
nickel-chrome. 

Piys.  7. 
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TEBTS ON NICKEL AND NICKEL-CHROXE. 

Tensile  Tests of Dmnne-  Vanadium  and  Nickel-Chrome  Steel 
The compositions of the steels were as follows :- 

W i r e ~ ~ -  

Sample 247 Nickel-Chrome. / /  Sample 209 Chrome-Vanadium. 

Manganese . . . . Carbon . . . . . 
Sulphur. . . . . 
Phosphorus. . . . 
Chromium . . . . 
Nickel . . . . . 
Vanadium . . . . 

l'-- 

Per Cent.  
Carbon . . . . . ~ 0'35 

~ Per Ceut. 

Silicon . . , . . ~ '0.18 
Manganese . . . . 0' 14 

Vanadium . . . . ' 0'13 
Chromium . . . . ' 0.90 

3.35 
0 -1  

[THE INYT. C.E. VOL. CCIX.] 2 D  
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The wires  had been hardened by quenching in. oil from a 

TESTING TEMPCRATURE DEGREES C 

temperature of 830" C., tempered at 530°C. and quenched in water 
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The  ultimate  strength, elastic limit  and elongation  per  cent.  curves 
are shown in Figs. S. The  curves are  interesting,  and  the dat;c, 
obtained  are  important,  but  further work is required  upon  these 

Fir/. 9.  

HIGH-CARBON STEEL WIRES. 

metals  before anything  like  a complete  history of their behaviour a t  
higher  temperatures  than 400" C. can be given. 

Tensile Tests on High-Carbon Steel Wires.-Wires marked 0 and l 
contain 0.9 per  cent.  carbon  and  were  hardened by quenching in oil 
at 800" C., and tempered at  500" C. Wires  marked 2 and 3 contain 

2 D 2  
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1 2 per  cent.  carbon,  hardened a t  800" C., tempered a t  500" c. 
Ultimate  strengths  and elastic limits  are shown in Fig. 9, and  the 
modulus of elasticity in Fig. 10.' 

The effect of temperatures above 450" C. is very  marked in these 
high-carbon  steel wires. At a  temperature of 475" C., wire con- 
taining  0.9 per cent. carbon stretched  continuously  when it ww 

Fig. 10. 

MODULUS OF ELASTICITY OF HIQH-CARBON STEEL WIRES. 
TEMPERATURE : DEGREES c 

loaded  simply  with the  fittings necessary to connect it with  the 
machine.  The  stress in these  circumstances was certainly less 
than 7 tons per  square inch. It was clear from this  test  that  the 
elastic  limit  and  the so-called yield-point  were well  below 7 tons 
per  square  inch, 

Tensile  Tests on Steel  Wires  containing 0.48 p e r  cent. Carbon.- 
A number of wires  were taken.  Wires marked 2, 3 and 4, all con- 
taining 0.48 per cent. carbon,  were  hardened by quenching in oil 
at 850" C., and  then were  tempered a t  400' C., 500" C., and 550" C. 
respectively. The  ultimate  strengths of the wires a t  temperatures 
ranging  from 15" C. to 500" C. are shown in Figs. 11. The  interesting 
point  about  these  curves is that  they  indicate  a  critical  temperature 
between 200" C. and 230" C. 

The  plotted  points  in  this  curve  represent  results  obtained from  wires  con- 
taining 0.48 per  cent.  carbon, 0.9 per  cent.  carbon  and 1.2 per  cent.  carbon 
respectively. In  addition the wires had received  different heat  treatments. I t  
would  appear that  the modulus of elaBticity is  almost  independent of the carbon 
content  and of the  heat  treatment. 

* Since this was written, Professor S. W. J. Smith, M.A., D.%, F.R.S., has 
pointed out  that in  a  Paper  published  in 1912, Proceedings of the Physical  Society 
of London,  he was able to show that  the permeabilityof  steel  containing 0.85 per 
cent. of carbon  passes through  a critical  point a t  a  temperature of about 234' C. 
It seema probable that  there may  be Borne connection  between the behaviour of 
these  wires  as far  as  ultimate  tensile  strengths  are concerned,  and the phenomena. 
with which Professor Smith deals. 
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The elastic  limits of the  three  sets of wires are also shown in 
Figs. 11. 

0.48 PER ‘CENT. CARBON STEEL WIRES. 

Eip. 11. It is difficult to  determine  these  limits with precision, as the 
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stress-strain  curve  deviates  from the  straight  line  very gradually. 
The modulus of elasticity a t  various  temperatures  is shown in 
Fig. 10. The accuracy  with  which this was determined a t  tempera- 
tures above 300" C. is not  very  great,  but it will be seen that it 
is clear that   a t  temperatures of more than 450" C. the modulus of 
elasticity is only one-third of that  at  the normal  temperatures. 
Between temperatures of 200" C. and 300' C. there is a distinct 
straightening of the curve,  which  may  have  some  relationship to 
the critical  points in Figs. 11. 

Tensile Tests on Some  Copper Alloys.-The tensile  stress-strain 
curves  for  a  number of copper alloys a t  various  temperatures 

1 
were  obtained, the form of 
e x t e n s o m e t e r  shown in 
Figs. 2 and 3, Plate 6, 
being  used in nearly  all 
cases. The  analyses of the 
specimens are shown in 
Table I, and  in  this Table 
also are summarized the most 
important  results from the 
tests. I n  Fig. 12 are shown 
the stress-strain  curves ob- 
tained  for  Monel metal,' 
which  contains 66 per  cent. 
nickel and 30 per  cent. 
copper. It will be seen 
that  the elastic  limit for 
this  metal a t  a  temperature 
of 500" C. is  nearly  as 
great  as a t  ordinary tem- 
peratures, and  the  ulti- 
mate  strength a t  500" C. 
is more than 30 tons 
per  square inch. At this 
temperature,  therefore,  the 
metal is much stronger than 
mild  steel,  and is as strong 
as it steel  containing  more 

than 1 . 2  per cent, of carbon a t  the same temperature. 
Fig. 13 shows  curves  obtained a t  0" C. and 450" C. for nicro- 

copper,  which  contains  only 4 per cmt. nickel. In  this case the 

Monel metal is P natural alloy found  in Canada, 
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ultimate  strength when cold is 16-59 tons per  square inch, and  at  
450' C. it is 11 -33  tons  per  square  inch.  Similar  curves for phosphor- 
bronze are shown in Fig. 14. At 450" C. phosphor-bronze  had an 

Fig. 13. 

NICRO-COPPER AT VARIOUS TEMPERATURES. 

ultimate  strength of 9 tons per Rquitre inch, but  its elastic limit 
was only 0 5 ton  per  square inch. At 500" C. it will be seen that 
its tensile  strength is less than 2 tons per  square  inch,  and the 
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elastic  limit is approximately zero. The  results  for  the  two bronzes 
are shown in  the Table. 

Nicro-copper and Monel metal  retain some elastic properties  even 
a t  temperatures  as  high  as 450" C. At 350" C. cast  manganese- 
bronze and  Muntz  metal have  no elastic properties. The  former 
has  a  fairly  high elastic limit  up  to a temperature of 250" C., but 
loses its elastic properties  fairly  rapidly  after that  temperature. 

PHOSPHOR-BRONZE AT VARIOUS TEMPERATURES. 

Nickel  appears  to  enter  into solid solution  with  copper a t  all 
temperatures,  and  has a very  marked  effect  on  all the properties of 
alloys. It will be seen that  the nicro-copper,  which  contains  only 
2 per cent. nickel, retains its ultimate  strength  and elastic properties 
to a very  marked  degree. It would appear that a very  valuable 
series of alloys for  certain  purposes  might be obtained  by  alloying 
nickel with copper. 

S T R A I N  : '/l000 INCH. 
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Tensile  Tests  on Durakmin.-DuraIumin is a  well-known  alu- 
minium alloy containing 4 per  cent.  copper, 0-5  per  cent.  man- 
ganese, 0 .5  per  cent.  magnesium, and  about 0 .5  per  cent.  iron  as 
an impurity  in  the  aluminium, which also contains  a  small  amount 
of silicon. 

The  stress-strain  curves a t  temperatures  ranging  from 17" C. to 
400" C. are shown in Figs. 15 and 15a. At temperatures of 300' c. 

Fir/. 15. 

DURALUMIN TESTED COLD. 

and over the  strength is not very  different from that of the cast 
material. 

Yield-Point of AllOys.-It will be seen from the stress-strain 
curves that none of the alloys can be said to have a definite yield- 
point.  The  curves  deviate  from the  straight  line very  gradually, 
and only at  a stress  very nmch higher  than  the elastic limit can the 
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strain  be measured  by the naked eye, in  the way that  in practice 
this  somewhat  supposititious  quality of a material is measured. 

F i p .  1%. 

S l l A l N  : )‘l000 I N C U .  

300° AND 500° C. 

The  Author desires to express  his  indebtedness to Mr. E. 
Coupland, M.Sc., Mr. J. L. S. Roberts,  and Mr. J. S. Duncan 
for their enthusiastic  assistance in carrying out  these  laborious 
tests. 

The  Paper is accompanied by twenty-three  sun-prints, from some 
of which Plate 6 and  the  Figures  in  the  text have  been  prepared. 

Downloaded by [ Purdue Univ Lib TSS] on [17/09/16]. Copyright © ICE Publishing, all rights reserved.



PLATE m. 
EFFECT OF TEMPERATURE 
ON PROPERTIES OF METALS. 
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